Background Most studies of the associations between pre-natal or post-natal growth and cognitive ability have been based on children with pathologically slow growth measured between two time points only, rather than children with normal growth trajectories estimated from multiple measures of growth.
Introduction
The pre-natal period (particularly the third trimester of pregnancy) and the first few years of life are crucial for brain development. 1, 2 During this period, the brain develops rapidly through the processes of neurogenesis, axonal and dendritic growth, synaptogenesis, cell death, synaptic pruning, myelination and gliogenesis. 3 These processes occur sequentially and depend on each other. Although cognitive ability has a heritable component, environmental insults during the early months and years of life are likely to have longlasting adverse effects on cognitive development. 2 Insults with demonstrated adverse effects include preterm birth [4] [5] [6] and failure to thrive in infancy. 7 Relatively few studies, however, have examined associations of pre-and post-natal growth with cognitive ability in healthy children born at term without pathological growth restriction. [8] [9] [10] [11] [12] [13] Whereas most have reported a positive association of weight gain in infancy and early childhood with later cognitive ability, [8] [9] [10] 12 some have found no association. 11, 13 Not only is the empirical evidence inconclusive, but also most studies have estimated differences in cognitive ability associated with a change in weight between two time points only, rather than with trajectories estimated from multiple measures of growth. Finally, although cognitive ability is closely related to mental health problems and poor pre-natal growth has been associated with later behavioural problems, 14 behavioural sequelae of post-natal growth have rarely been studied. The aim of our study, therefore, was to examine the extent to which pre-natal and post-natal trajectories in both weight and length/height through the first 5 years of life are associated with cognitive ability and mental health at 6.5 years of age among children who had been born at or after term.
Methods

Study participants
Study children were participants in the Promotion of Breastfeeding Intervention Trial (PROBIT). A full description of PROBIT has been published elsewhere. 15 In brief, PROBIT is a cluster-randomized controlled trial of a breastfeeding promotion intervention modelled on the WHO/UNICEF Baby-Friendly Hospital Initiative. A total of 17 046 mothers and their healthy infants in the Republic of Belarus born at 537 completed weeks of gestation and with birth weight 52500 g were recruited from 31 maternity hospitals and affiliated polyclinics during their postpartum stay between June 1996 and December 1997. They had scheduled follow-up study visits at 1, 2, 3, 6, 9 and 12 months in the first year and at age 6.5 years. Follow-up thorough the first year was achieved in 16 491 infants (97%); 13 889 (81.5%) children were seen and examined at the 6.5-year follow-up. Our study is based on 11 899 (86%) of the children who had cognitive ability and behaviour scores measured at the 6.5-year visit. The study received approval from the Institutional Review Board of the Montreal Children's Hospital, and participating mothers signed the consent in Russian.
Measures
Exposures (growth)
Infant weight (grams) and length (centimetres) at birth and gestational age in completed weeks were obtained from obstetric records during the postpartum hospital stay. Weight and length during the first year of life were measured by paediatricians at the scheduled PROBIT visits at 1, 2, 3, 6, 9 and 12 months. Weights and lengths/heights between 12 months and 5 years were abstracted from the polyclinic records of routine check-ups. A total of 2095 (15%) children had no routine check-up visits, and on average 4 (range 1-6) measures of weight and height per child were abstracted from the clinic records.
Outcomes At the 6.5-year follow-up, cognitive ability was measured by the Wechsler Abbreviated Scales of Intelligence (WASI). 16 The WASI consists of four subtests of vocabulary and similarities to measure verbal IQ and block designs and matrices to measure performance IQ. The WASI was translated from English to Russian and back-translated to ensure comparability of the Russian version. It was administered by the polyclinic paediatricians after extensive training and follow-up monitoring by child psychologists and psychiatrists in Minsk, Belarus. Interpaediatrician agreement was high, with Pearson correlation coefficients (95% confidence intervals) of 0.80 (0.67-0.89) for vocabulary, 0.72 (0.54-0.83) for similarities, 0.80 (0.67-0.89) for block designs and 0.79 (0.66-0.88) for matrices in a convenience sample of 45 children during a 1-week training workshop. 17 The present study used the full-scale IQ from the WASI for the primary measure of general cognitive ability of children. We also assessed the associations with verbal and performance IQ. Additionally, at the 6.5-year follow-up visit, parents provided teachers' names if the child had started formal schooling by the time of his/her follow-up visit, and the teachers were asked to evaluate the child's performance in mathematics, reading, writing and other subjects according to a 5-point Likert scale as far below (1), somewhat below, at, somewhat above, or far above (5) his or her grade level, based on items in the Teacher Report Form of the Child Behaviour Checklist. 18 Child mental health was measured using the Strengths and Difficulties Questionnaire (SDQ). 19 The SDQ is a brief behavioural screening questionnaire for mental illness in children and adolescents from ages 4 to 16 years and consists of five subscales (hyperactivity, conduct problems, emotional symptoms, peer problems and prosocial behaviour), each with five items. Each item is rated as not true (0), somewhat true (1) or certainly true (2) . The score for each of the five scales is generated by summing the scores for the five items, each ranging from 0 to 10. Scores for hyperactivity, conduct problems, emotional symptoms and peer problems are summed to generate a total difficulties score. A recent study 20 has shown that although the four 'difficulties' subscales tap distinct dimensions of behavioural problems, summarizing them into externalising behaviour (sum of hyperactivity and conduct problem scores) and internalizing behaviour (sum of emotional symptoms and peer problems) is more parsimonious and better able to reduce measurement errors in a general population. Thus, our behaviour measures of the SDQ are presented as total difficulties, externalizing behaviours, internalizing behaviours and prosocial behaviour. The SDQ has been validated not only against other measures of child behaviour problems, including the Child Behaviour Checklist (CBCL) 21 but also clinical diagnostic measures of mental disorder in children. 22 The SDQ has been shown to compare favourably with other measures for identifying hyperactivity and attention problems. [23] [24] [25] Several studies have demonstrated the cross-cultural validity of the SDQ in European and developing countries. 23, [26] [27] [28] The Russian version of the SDQ has previously been used in clinical and research settings. 29 The parent accompanying the child (usually the mother) at the 6.5-year follow-up completed the SDQ in the polyclinic waiting room. Of the total of 13 889 children, parents of 13 868 children completed the SDQ. The teachers of those who had begun school also completed the teacher version of the SDQ distributed by the polyclinic paediatricians. The SDQ items are identical in the parent and the teacher versions. Of all children seen at the follow-up, the teacher SDQ was obtained in 87% (n ¼ 12 016); most of the remainder had not yet begun formal schooling at the time of the follow-up. As previously reported, 30 internal consistency and test-retest reliability of the parent and teacher SDQ were high in our study; Cronbach's for total difficulties, for example, was 0.82 and 0.73 in the teacher and parent SDQ, respectively. Correlations between the parent and the teacher SDQ scores were modest: 0.28 for total difficulties, 0.39 for externalizing behaviours and 0.21 for internalizing behaviours.
Potential confounders
Potentially confounding maternal and family characteristics included maternal and paternal age at the time of the child's birth, maternal smoking and alcohol consumption during pregnancy, breastfeeding, marital status, number of other children in the household, parental education and occupation (all based on maternal report at enrolment), and maternal and paternal height and body mass index (based on maternal report at the 6.5-year follow-up).
Statistical analysis
We examined the association of growth trajectories during the first 5 years to allow a time lag before the outcome ascertainment (at 6.5 years). We estimated growth trajectories for each child from birth to age 5 years in weight and length/height using a linear spline random-effects model 31 with MLwiN version 2.1 (www.cmm.bristol.ac.uk/MLwiN/index. shtml). 32 Such models estimate mean growth trajectories based on the repeated measures of weight and length/height over time and allow individual growth trajectories to randomly vary around the mean. This approach allows for changes in scale and variance of growth measures over time and uses all available data for each individual. We used fractional polynomials to find the best-fitting growth trajectory for weight and length/ height, and identified the best-fitting spline knots at 3 and 12 months for each sex. The model fits the data well; 95% limits of agreement between observed and expected growth measures were within 10% of the mean values at each planned visit in the first year and at the 6.5-year follow-up. Thus, for both boys and girls, linear random-effects models were fitted for weight and length/height growth trajectory for four periods: pre-natal 'growth' (birth weight and length standardized by gestational age for each sex) and growth between 0-3 months ('early infancy'), 3-12 months ('late infancy') and 1-5 years ('early childhood'). For instance, weight for child i at age j was modelled as:
where 0 is the population average birth weight (intercept) and 1 , 2 and b 3 are the population average velocities (slopes) of weight gain between 0-3 months, 3-12 months and 12-60 months, respectively (the fixed effects). u 0i , u 1i , u 2i and u 3i represent individual-level random effects. u 0i is the deviation from the average intercept for child i, and u 1i, u 2i and u 3i are the deviations for child i from the average velocities of weight gain between 0-3 months, 3-12 months and 12-60 months, respectively. s i1, s i2 and s i3 are the amount of time spent in each period for child i at age j. Finally, e ij is the deviation from the predicted weight for child i at age j (the occasion-level random effects) and is related to age to allow for the increase in weight (and therefore the increase in the size of the measurement error of weight) with age. The individual-level random effects correlation matrix was unstructured, i.e. each random effect was allowed to be correlated with all other random effects. The occasion-level random effects were independent; thus we assumed that measurement error at one age was unrelated to measurement error for that individual at another age. Occasion-and individuallevel random effects were independent. From these models, individual-specific estimates of growth trajectory (i.e. each child's deviation from the mean) in weight and length/height for the four periods were obtained for each child. 33 These weight and length/height trajectory parameters were then standardized (z-scored) for sex, and additionally for gestational age for pre-natal growth.
Mean differences in IQ and SDQ scores by pre-natal and post-natal growth trajectory in weight and length/height were estimated by generalized estimating equations (GEE) regression analysis using STATA 10. We used the GEE approach to account for clustering in the data by hospitals and associated polyclinics and thereby correctly estimate standard errors of the regression coefficients. Associations with each growth parameter were examined in three models: (i) unadjusted; (ii) adjusted for potential confounding factors ('adjusted 1'); and (iii) adjusted for potential confounders and for earlier growth ('adjusted 2') models. Table 1 shows the baseline characteristics of the PROBIT children in our study, their growth measures from birth to age 5 years, and the mean IQ, teachers' ratings of the children's academic performance, and parent and teacher SDQ scores. Only minimal differences were observed between our analytic sample and those excluded from the original sample of the PROBIT due to loss to follow-up or missing information on exposures or outcomes. Compared with those excluded, children included in our study were similar with respect to birth weight, gestational age, parental age or parental size. Those excluded were slightly more likely to have fathers with university education (16% vs 12%) and non-manual occupation (30% vs 28%) and to be first-born children (61% vs 56%), but slightly less likely to have mothers with non-manual occupation (40% vs 43%). Table 2 shows the association between the growth trajectories and IQ at age 6.5 years. The patterns of association did not vary by sex (all P-values for sex-interaction 40.10), and thus we present sex-adjusted results. For weight gain trajectory, the unadjusted associations show that a 1 SD greater birth weight for gestational age (e.g. 447 g in boys and 434 g in girls at 40 weeks) was associated with a 0.94-point (95% CI: 0.62-1.25) increase in full-scale IQ. A 1 SD faster weight gain during early infancy was associated with a 1.25-point (95% CI: 0.88-1.62) increase; the corresponding increases were 0.68 (95% CI: 0.44-0.93) points for late infancy and 0.99 (95% CI: 0.70-1.29) points for early childhood growth. After adjusting for potential confounders (adjusted 1), the associations were attenuated by 15-50%, with greater attenuation for associations with weight gain during late infancy and early childhood. Of the confounding factors included, parental socioeconomic position and size, education and height in particular, most attenuated the associations and were responsible for $30% of the attenuation. Further adjustment for earlier growth (adjusted 2) did not substantially change the patterns of association. Stronger associations with birth weight and early infancy weight gain were also observed when verbal and performance IQ scores were analysed separately.
Results
For length/height gain trajectories, faster growth was positively associated with full-scale IQ scores in all four periods, with the largest association observed for height gain during early childhood in unadjusted associations. After adjustment for potential confounders and earlier growth (adjusted 2), the positive associations in the unadjusted model were attenuated by 30-50%, especially for early childhood height gain. As seen with weight gain trajectories, parental education and height were mainly responsible for the attenuation. The attenuated associations between infancy length gain and IQ in adjusted 1 were strengthened with adjustment for earlier growth (adjusted 2), because infancy length gain was negatively correlated with birth length (r ¼ À0.31 for early infancy and r ¼ À0.49 for late infancy). The patterns of association between length/height trajectories and verbal and performance IQ were essentially the same as observed for full-scale IQ.
Whereas growth measures in all four periods were positively associated with school performance, 
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additionally for earlier growth. Most of the attenuation from the unadjusted to the fully adjusted associations was due to adjustment for confounding factors rather than for earlier growth. Similar results were observed for parental SDQ scores. Birth weight and early infancy weight gain were negatively associated with total difficulties and externalizing behaviours in unadjusted analyses (data not shown). The associations were small in magnitude, however, and were not observed after adjusting for potential confounding factors, except for the association between birth weight and externalizing behaviours (À0.07, 95% CI: À0.13 to À0.01). Similar patterns were observed with length/height gain trajectories (data not shown).
Discussion
In this cohort of healthy children born at or after term, we found small, positive associations of growth trajectories from the pre-natal period through the first 5 years of life with both cognitive ability and mental health at age 6.5 years. However, the pattern of associations across the four periods defined in our study differed somewhat for weight and length/height gain trajectories, in particular for cognitive ability. For weight gain trajectory, mean IQ differences associated with growth during the pre-natal period and early infancy (0-3 months) were larger than with later growth, whereas the contributions of length/height gain trajectories to mean IQ differences across the four periods were similar to one another. These patterns were observed not only with full-scale IQ scores, but also for verbal and performance IQ. Nevertheless, we found that irrespective of earlier growth, faster growth at later ages was associated with increased full-scale IQ scores. For child behaviour, pre-natal growth showed larger associations than did post-natal growth.
The large sample size, prospective cohort design and large number of growth measures from birth to age 5 years (up to 13) are strengths of study. Our fractional linear spline random-effects model is an improvement on the approaches used in previous studies. It allowed us to identify important time points at which the rate of growth differs in the first 5 years of life, rather than using arbitrary time points limited by availability of data, as was often the case in previous studies. The time points identified by our linear spline approach were based solely on growth measures to represent distinct biological growth patterns over the 5 years and were not influenced by the choice of our outcome measures. Our analytical approach also enabled us to estimate individual trajectories by allowing random variation across individuals and their associations with differences in cognitive ability and behaviour scores. The associations observed in our study are probably generalizable to other developed country settings. First, our findings are not based on children with growth problems but rather on normal, healthy children. Second, Belarus resembles Western developed countries with respect to readily accessible basic health care services, high levels of sanitation, high immunization rates, low incidence of infection and low rates of infant and child mortality.
Some limitations in our study also require discussion, however. First, although we adjusted for a wide range of maternal and paternal characteristics, residual confounding by family characteristics (both genetic and environmental factors) cannot be excluded. All coefficients were attenuated (by up to 50%) with adjustment for the confounders included here, and it seems likely that other confounders exist (not measured here) which would attenuate these relationships further. Parental cognitive ability, a strong predictor of cognitive ability of offspring, 34 for example, may also affect growth trajectory via parenting behaviours such as feeding practices and physical activity. The lack of maternal psychological distress data in our data may also explain the observed association for behaviour. However, Alati et al. 35 showed that the association between birth weight and behavioural problems is not affected by the adjustment for maternal anxiety and depression in a relatively large birth cohort. Second, although we deliberately chose a minimum of 1.5 years between the growth and outcome measures, reverse causation could theoretically explain our findings; children with higher cognitive ability and/or better mental health might grow faster via better eating practices. 36 Third, weight and length/height measures in our study were not standardized across hospitals and polyclinics, which is likely to increase measurement errors. These measurement errors are unlikely to vary systematically by child cognitive ability and behaviour across study sites, however, and would therefore tend to attenuate associations toward the null.
Measurement errors for IQ and behaviour are also a potential source of bias. Despite our efforts to standardize measurements across paediatricians at 31 polyclinics, mean IQ scores across polyclinics were highly clustered, as indicated by the intra-class coefficient of 0.31. Since a single paediatrician measured IQ at 24 of the 31 polyclinics (two paediatricians shared the work at the seven busiest polyclinics), this clustering probably reflects differences in strictness or leniency in scoring or timing of responses among paediatricians, rather than true geographic differences in IQ across polyclinics. The clustering of growth measures (which were also measured by the paediatricians) was not as strong, however, as reflected by intra-class coefficients of 0.01 to 0.19. The clustering of IQ thus does not confound the association but widens CIs of the estimates of the association when statistically accounted for in our analysis. 37 In regard to behaviour measures, having multiple informants-both the parent and the teacher-is likely to have reduced potential reporting bias of child behaviour. The parent and teacher SDQ scores have been observed to provide complementary information; teachers appear better able to assess externalising behavioural problems, whereas parents appear better at assessing internalizing behaviours. 25 Despite larger effect sizes for the teacher SDQ scores, the direction of associations observed with the parent and the teacher SDQs in our study were consistent with each other. Finally, the Russian version of the WASI has never been formally validated. Nonetheless, WASI scores in PROBIT children were associated strongly with parental education and other family characteristics in the expected directions and were also positively correlated with children's academic performances (correlation coefficients $0.3).
38
Research on long-term effects of post-natal growth has focused mostly on children with very slow growth characterized as 'growth faltering' or 'failure to thrive'. Only recently have researchers directed attention to child growth and its association with cognitive development in general, healthy populations. Wide variations in the growth period examined, growth measures used and ages at which cognitive ability was assessed characterize these studies; most have reported small but positive associations, 8, 10, 12, [39] [40] [41] consistent with our results. One exception is the study by Belfort et al., 11 which reported no association between weight gain in the first 6 months and cognitive ability measured at age 3 years. The authors argue that among healthy, term-born children, post-natal growth is not related to cognitive development, but the relatively small sample size (n ¼ 872) is likely to have been underpowered to detect a modest effect.
Studies have reported that early infancy is a 'sensitive' period for cognitive development, but most such studies were largely based on children with failure to thrive. 9, 42, 43 The term 'sensitive period' denotes an age range during which exposure effects are increased, although such effects can be modified or even reversed over time. 44 Among studies from generally healthy populations, the existence of a sensitive period in post-natal growth for later cognitive development remains unclear, mainly owing to limitations in their analytical approach, usually based on available growth data collected at arbitrary limited time points. Our approach to examining growth trajectories suggests that effects may vary somewhat by growth measure and by outcome. Birth weight and early infancy weight gain seem more important for cognitive ability, whereas growth in length/height seem equally important across all periods. It is not clear why the patterns of association with cognitive ability differ across weight and length/height trajectories. The different patterns observed in our study suggest that growth throughout the first 5 years contributes to later cognitive ability but does not provide strong evidence for a true sensitive period of cognitive development. The different patterns may merely reflect greater errors in measuring length than weight, especially for infants. We conceptualized family socioeconomic characteristics as potentially confounding the association between growth trajectory and IQ. This view is supported by the substantial attenuation of the observed associations with adjustment for parental socioeconomic position and height, which is also closely related to socioeconomic position. 45 However, it could be hypothesised that the effects of family background on child cognitive ability are mediated by child growth. In an attempt to test this hypothesized pathway, we examined associations of parental education and occupation with IQ and the degree of attenuation after adjustment for child growth. Although the socioeconomic factors were positively associated with IQ independently of growth trajectory, the associations were only trivially attenuated by adjustment for child growth (data not shown).
To our knowledge, no previous study has examined the association between post-natal growth and child behaviour in healthy children. Children with experiences of extreme malnutrition and stunting have been reported to show problem behaviours, including aggressiveness, attention deficits, peer problems, depressive symptoms and hyperactivity. [46] [47] [48] [49] Our results are consistent in direction, although smaller in magnitude, with those observed in children with severe growth restriction in infancy or early childhood. Given the linear relationship between total difficulties scores of the SDQ and the likelihood of having mental disorder observed in a recent study, 22 our results suggest that faster post-natal growth may also have beneficial effects in mental health among healthy children.
A possible biological mechanism underlying the positive association observed in our study is the growth hormone (GH)/insulin-like growth factor (IGF)-I system. GH/IGF-I system plays a key role in somatic growth regulation, particularly for longitudinal growth at pre-pubertal ages. 50 A recent trial has shown that children born small for gestational age who underwent GH treatment showed not only catch-up growth in height, but also improvements in IQ and problem behaviour scores. 51 In addition, serum IGF-I level has been positively associated with cognitive ability in healthy children with normal growth. 52 Concerns and debate have arisen about the adverse effects of rapid weight gain in infancy, including increased long-term risk of obesity, 53, 54 high blood pressure [55] [56] [57] and insulin resistance. 58 Although the magnitudes of association are small, we have also observed positive associations of pre-natal and post-natal growth and blood pressure at 6.5 years of age in our study sample. 33 In the present study, however, our results suggest that rapid growth in infancy and early childhood is positively associated with the development of cognition and mental health. Increased susceptibility to infection, 59 smaller adult stature 60 and mental illness 61 are among other adverse health consequences associated with slower infant growth. The overall evidence suggests that the long-term consequences of rapid infant weight gain may vary according to outcome, 62 and clinical and public health practice therefore needs to consider both the risks and benefits of potential interventions.
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KEY MESSAGES
Most studies of the associations between pre-natal or post-natal growth and cognitive and behavioural development have been based on children with pathologically slow growth or with growth measured between two time points only.
In this large cohort of healthy children who were born at term or later with birth weight of at least 2500 g, children with faster growth from the pre-natal period through the first 5 years of life showed higher scores in IQ at age 6.5 years.
For behavioural development, it seems that faster growth in the pre-natal period and infancy but not in early childhood is associated with lower scores in problem behaviours, suggestive of better mental health.
